Multiple photoionization of neon atoms by a strong 13.7 nm (90.5 eV) laser pulse has been studied at the FLASH free electron laser in Hamburg. A velocity map imaging spectrometer was used to record angle-resolved photoelectron spectra on a single-shot basis. Analysis of the evolution of the spectra with the FEL pulse energy in combination with extensive theoretical calculations allows the ionization pathways that contribute to be assigned, revealing the occurrence of sequential three-photon triple ionization. The development of free electron lasers (FELs) emitting radiation in the extreme ultraviolet and the x-ray spectral range heralds a new era in the study of nonlinear processes at high photon frequency. Using these new sources (FLASH in Germany, SPring-8 in Japan, and LCLS in the USA), previously unexplored regimes of atomic and molecular strong field ionization become accessible. In the first experiments [1-3] strongly nonlinear multiple ionization of atoms has already been observed. Since mainly multiply charged ions were detected, it was impossible to unambiguously identify the ionization mechanisms. Accordingly, the interpretation of some of these experiments is still under debate [4, 5] , and the main question is whether the experimental results can be understood without introducing new concepts, e.g., collective effects, in the description of the multiphoton multiple ionization at high frequencies. In the simplest case of two-photon double ionization (2PDI) two basic mechanisms have been established: direct (nonsequential) ionization, where both photons are absorbed simultaneously, and sequential ionization, where, after absorption of a first photon and emission of the first electron, intermediate ionic states are formed that are further ionized by a second photon. In order to disentangle the ionization mechanisms, a number of experimental techniques have so far been used, which include measurements of ionic charge state distributions [6], energyand angle-resolved electron spectroscopy [7, 8] , measurements of recoil-ion-momentum distributions [9] [10] [11] [12] , and kinematically complete experiments using a reaction microscope [8] . Together with extensive accompanying theoretical work (e.g., Ref.
The development of free electron lasers (FELs) emitting radiation in the extreme ultraviolet and the x-ray spectral range heralds a new era in the study of nonlinear processes at high photon frequency. Using these new sources (FLASH in Germany, SPring-8 in Japan, and LCLS in the USA), previously unexplored regimes of atomic and molecular strong field ionization become accessible. In the first experiments [1] [2] [3] strongly nonlinear multiple ionization of atoms has already been observed. Since mainly multiply charged ions were detected, it was impossible to unambiguously identify the ionization mechanisms. Accordingly, the interpretation of some of these experiments is still under debate [4, 5] , and the main question is whether the experimental results can be understood without introducing new concepts, e.g., collective effects, in the description of the multiphoton multiple ionization at high frequencies. In the simplest case of two-photon double ionization (2PDI) two basic mechanisms have been established: direct (nonsequential) ionization, where both photons are absorbed simultaneously, and sequential ionization, where, after absorption of a first photon and emission of the first electron, intermediate ionic states are formed that are further ionized by a second photon. In order to disentangle the ionization mechanisms, a number of experimental techniques have so far been used, which include measurements of ionic charge state distributions [6] , energyand angle-resolved electron spectroscopy [7, 8] , measurements of recoil-ion-momentum distributions [9] [10] [11] [12] , and kinematically complete experiments using a reaction microscope [8] . Together with extensive accompanying theoretical work (e.g., Ref. [13] and references therein) these experiments have significantly advanced our understanding of 2PDI. In particular it was established, as first predicted theoretically [14] , that sequential ionization is dominant if the photon energy is larger than the binding energy of the singly charged ion.
As a logical next step in studies of multiphoton multiple ionization in the high-frequency regime, we report the first observation of sequential three-photon triple ionization (3PTI) of neon atoms, based on a measurement of angle-resolved photoelectron spectra using the velocity map imaging technique [15] . Strong field triple ionization is much more complicated than double ionization due to the larger number of processes that can contribute. Therefore, although triply charged ions have been reported [1, 2, 9] , individual pathways have not previously been identified. To overcome difficulties associated with stochastic shot-to-shot fluctuations in the energy of the FEL pulses, the velocity map electron images were recorded on a shot-to-shot basis together with the photon beam intensity measured using the in-house gas monitor detector and then accordingly sorted [16] . Together with the theoretical analysis this allowed us to identify the sequential 3PTI process. Both 3PTI and 2PDI were observed.
In the experiments, FLASH was operated in single-bunch mode at a repetition rate of 5 Hz, delivering linearly polarized laser pulses at 90.5 eV photon energy (λ = 13.7 nm), with a pulse duration estimated around 20 fs, and an average pulse energy of 40 µJ. The experiment was performed in a secondary focus of the BL2 beamline, where an in-line refocusing chamber composed of two multilayer mirrors [17] was used to focus the FEL beam to a spot size of less than 100 µm. The intensity of the FEL after reflection by the mirrors of the refocusing chamber was estimated to be 1.0 × 10 13 W/cm 2 . Before entering the interaction chamber, the FEL beam passed through a light baffle consisting of three skimmers with 4.4, 5, and 4 mm diameters, which were used to remove the majority of the scattered light specularly and nonspecularly reflected by the two mirrors. In the interaction region, the FEL beam crossed an atomic beam of neon at the center of a velocity map imaging spectrometer (VMIS). Electrons from ionization of the atoms by the FEL light were accelerated toward a position-sensitive detector consisting of a set of microchannel plates (MCPs) followed by a phosphor screen, and recorded using a gated CCD camera synchronized to the arrival of the FEL pulse in the interaction chamber. A 200 ns electrical gate pulse was applied to the back of the MCPs. The measured two-dimensional (2D) projection allows the three-dimensional (3D) momentum distribution of the ejected electrons to be obtained using a mathematical inversion procedure. The retrieved 3D momentum distribution at each electron energy was described by the following expression:
where W 0 (E e ) is the angle-integrated intensity, β k (E e ) (k = even) are anisotropy parameters at kinetic energy E e , P k (x) is the Legendre polynomial of order k, and ϑ is the polar angle with respect to the laser polarization axis.
Figures 1(a) and 1(b) show the experimentally measured 2D electron image and a 2D slice through the retrieved 3D photoelectron momentum distribution (obtained after inversion). The momentum distribution contains a large number of contributions that are indicated in the angle-integrated photoelectron spectrum shown in Fig. 1(c) . The strong line at 69.0 eV originating from single ionization of Ne to the ground ionic state, Ne 2p 6 → Ne + 2p 5 , was used for calibration of the photoelectron energy axis. According to available spectroscopic data [18] , the photoelectron spectrum in the regions of 40-52 and 13-32 eV should be dominated by the 2PDI and the 3PTI, respectively. However, more than one process may contribute to a certain line, since photoelectrons originating from different ion charge states and from ionization of 2s and 2p subshells can have very similar energies that cannot experimentally be resolved due to the finite energy resolution ( E e /E e ≈ 2%) of the VMIS and the spectral fluctuations ( λ/λ ≈1%-3%) of the FEL.
In order to disentangle the ionization pathways, the FEL pulse energy dependence of each photoelectron peak was determined, exploiting the sorting procedure described above. The photoelectron spectra were sorted using a 2 µJ step in the FEL pulse energy. Figure 1(d) displays the evolution of the electron kinetic energy distribution, measured along the laser polarization, with the FEL pulse energy. The pulse energy dependence of individual peaks was fitted according to S ∼ E ν FEL [see Fig. 1 (e) and the labels in Fig. 1(c)] , where ν provides a lower limit on the number of FEL photons involved in a certain pathway. Thus the 69.0 eV line originates from single-photon absorption, whereas the 50.2 and 4.5 eV lines arise from the absorption of two and three photons, respectively. Deviations of ν from integer values are due to the fact that at high laser intensity saturation may be achieved.
In Figs. 2 and 3 a comparison of selected parts of the angle-resolved photoelectron spectrum with numerical simulations is presented. The theoretical description is based on a recently developed stepwise ionization model, where each subsequent photon interacts with an ionic intermediate state formed at a preceding step. This approach, in combination with the statistical tensor formalism [19] , was previously successfully applied to sequential 2PDI from the outer p shells of noble gas atoms [8, 20, 21] and three-photon resonantly enhanced sequential double ionization of argon [22] . Within this model, anisotropy in the photoelectron emission and alignment of the intermediate states are fully taken into account. The photoionization amplitudes for each of the steps were calculated in the dipole approximation using the multiconfiguration Hartree-Fock method [23] . Further details of the calculations and the formalism will be given elsewhere. We note that in the particular case of p-shell photoionization in a nonrelativistic approximation only the statistical tensors of polarized intermediate ions with rank 0 and 2 contribute [24] . Therefore, due to angular momentum conservation, only Legendre polynomials up to fourth order enter the photoelectron angular distribution (1), i.e., k max = 4.
The calculated photoelectron spectrum allows one to trace a "genealogy" of the sequential photoionization: It contains "grandparent" lines (S) from single photoionization of the neutral Ne atoms, "parent" lines (D) from subsequent ionization of Ne + producing Ne 2+ , and, finally, lines labeled (T ) due to the production of triply charged ions Ne 3+ from Ne 2+ . For comparison with the experiment the theoretical single photoionization spectrum has been normalized to the intensity of the main line S 1 at 69.0 eV. The calculated spectra for the two-and three-photon processes are normalized to the intensity of the line D 3 (Ne + 2p 5 2 P → Ne 2+ 2p 4 1 D) at 46.4 eV, and the line T 10 (Ne 2+ 2p 4 3 P → Ne 3+ 2p 3 2 P ) at 19.4 eV, respectively. In the simulation the width of each peak was assumed to be equal to the width of the main peak S 1 . The comparison of calculated and experimental spectra allowed us to identify the transitions contributing to the main spectral features shown in Figs. 2 and 3 .
Consider first the high-energy part of the spectrum, displayed in Fig. 2 . Apart from the strongest peak S 1 , there are three other strong lines. Peak S 2 at 42.0 eV is attributed to single ionization of the 2s subshell, producing Ne + 2s2p 6 . The single photon character of this peak is confirmed experimentally by the slope value of 1.0 (2) in the pulse energy dependence of the peak at 42.0 eV [see Fig. 1(c) 4 1 D, respectively. In addition, several weaker "parent" lines originating from the "grandparents" S 1 and S 2 are observed, but their discussion is beyond the scope of this paper. The overall agreement between the calculated and experimental spectra for both the peak positions and the intensities of the peaks is good which is important since the strongest 2PDI peaks give rise to the prominent 3PTI peaks under investigation. Figure 3(a) shows the electron spectrum at the magic angle in the low-energy region where the photoelectron lines corresponding to the sequential 3PTI should appear. The four main peaks at the energies 19. 4 3 4 S), respectively. The parent states for these lines are populated by the two strongest 2PDI processes discussed above. The relative intensity of the lines are well reproduced by the calculations. Several weaker lines, not discussed here, contribute to the complexity of the spectrum in this region.
Additional confirmation of the sequential 3PTI character of the discussed lines comes from measurements of the angular distributions. The inset in Fig. 3(b) shows a very good agreement between the experimental and calculated angular distributions for the lines T 10 and T 8 . The variation of the whole spectrum with the emission angle is demonstrated in Fig. 3(b) . The agreement between theoretical and experimental spectra at two angles (0 • and 54.7
• ) confirms our analysis. Finally, in Table I we compare the experimental and theoretical β k parameters characterizing the angular distributions for the strongest 2PDI and 3PTI peaks. Good agreement between theory and experiment for β 2 supports our assignments. Note that β 4 is very small in both theory and experiment, and presently it can hardly be determined unambiguously.
A few other mechanisms may contribute to the photoelectron spectrum. The strongest grandparent line S 1 at 69.0 eV is accompanied by much weaker photoelectron peaks in the region of 30-40 eV due to a shake-up process producing All these processes contribute to the photoelectron spectra and should be taken into account in a detailed analysis. However, our estimations show that their contribution is smaller than the dominant 2PDI and 3PTI processes.
In conclusion, sequential three-photon triple ionization of Ne atoms interacting with strong free electron laser pulses has been observed for the first time by means of angle-resolved photoelectron spectroscopy with a shot-by-shot monitoring of the FEL pulse energy. Extensive theoretical calculations of the photoelectron spectrum and the angular distributions allowed us to identify the main structures in the spectrum and to reveal the ionization mechanisms that contribute to particular photoelectron peaks. As a result of our analysis, one can attribute the sequential 3PTI as the dominant process producing triply charged ions, which can be fully understood within the conventional theory of multiphoton multiple ionization at high photon frequencies.
